Genomic footprinting of the human hsp7O promoter reveals that heat shock induces a rapid binding of a factor, presumably heat shock transcription factor, to a region encompassing five contiguous NGAAN sequences, three perfect and two imperfect matches to the consensus sequence. Arrays of inverted NGAAN sequences have been defined as the heat shock element. No protein is bound to the heat shock element prior to or after recovery from heat shock. Heat shock does not perturb the binding of factors to other regulatory elements in the promoter which contribute to basal expression of the hsp7O gene.
Genomic footprinting of the human hsp7O promoter reveals that heat shock induces a rapid binding of a factor, presumably heat shock transcription factor, to a region encompassing five contiguous NGAAN sequences, three perfect and two imperfect matches to the consensus sequence. Arrays of inverted NGAAN sequences have been defined as the heat shock element. No protein is bound to the heat shock element prior to or after recovery from heat shock. Heat shock does not perturb the binding of factors to other regulatory elements in the promoter which contribute to basal expression of the hsp7O gene.
The rapid transcriptional induction of heat shock genes upon thermal stress is mediated by a heat shock transcription factor (HSF) which recognizes a target sequence, the heat shock element (HSE) (3, 16, 17, 23, 31) . HSEs consist of an array of inverted repeats of the sequence NGAAN, although the arrangement and number of these NGAAN units can vary (1, 32) . The dynamics of HSF-HSE interactions differ among organisms. In Drosophila melanogaster, HSF binds to HSE only upon heat shock (25, 30) , while in Saccharomyces cerevisiae, HSF is constitutively bound to HSE (6, 9, 21) and its transcriptional activity is induced by heat shock (24) .
We have previously reported the presence of two distinct HSE-binding activities in HeLa cells (13) . Gel shift assays using an oligomer containing HSE sequences from the human hsp70 promoter have shown that heat shock of HeLa cells causes the rapid appearance of an HSE-binding activity which is correlated with the rapid transcriptional induction of the hsp70 gene (13) . A distinct HSE-binding activity is also detected in extracts of non-heat-shocked HeLa cells (13) ; therefore, it is not clear whether the HSE region of the human hsp7O promoter is constitutively occupied in vivo or is occupied only during heat shock.
The hsp70 gene is also expressed in non-heat-shocked HeLa cells. Basal expression has been shown to require only the proximal 75 nucleotides of the promoter, which contain consensus binding sites for several transcription factors (12, 26, 28) . Other factors which activate expression of the human hsp7O gene, such as serum stimulation and the adenovirus ElA protein, appear to act through this same proximal region of the promoter (12, 26) .
We have performed genomic footprinting to examine, in vivo, interactions of proteins with the hsp7O promoter before, during, and after heat shock. Our results indicate that heat shock induces a rapid binding of protein, presumably HSF, to the hsp70 promoter, altering the methylation reactivity pattern of a region encompassing five contiguous NGAAN (13) , and for gel shift assays to determine the level of HSE-binding activity (13) . The transcription rate of the hsp7O gene increased rapidly upon transfer of the cells to 42°C and was enhanced 20-fold after 20 min of heat shock, then declined slowly from this maximal level during the next 40 min of heat shock. Transcription returned to basal levels after 2 h of recovery at 37°C (Fig. la) . As has been previously reported (13) , gel shift analysis, using an HSEcontaining oligomer derived from the human hsp70 promoter, revealed two HSE-specific complexes (Fig. lb) . Non-heat-shocked cells contained an HSE-binding activity (CHBA) which gave rise to a faster-migrating complex, while a distinct HSE-binding activity (HSF) which formed a slower migrating complex was detected only during heat shock (Fig. lb) . Concomitant with an increase in HSF levels during heat shock, CHBA levels declined. The increase in transcription rate of the human hsp7O gene during heat shock is correlated with the appearance of the heat-induced HSEbinding activity (Fig. lc) .
Genomic footprinting of duplicate samples taken at the same time point was performed by using a ligation-mediated polymerase chain reaction-based method recently described by Mueller and Wold (14) (Fig. 2) . Cells were pelleted, resuspended in a S-MEM/5%CS, and exposed to 0.2% dimethyl sulfate (DMS) at 20°C for 5 min. Genomic DNA was isolated (2) , digested with EcoRI, treated with piperidine, and used for footprinting. Footprinting was also carried out on DNA which was isolated from HeLa cells, deproteinized, and methylated in vitro (8) . Band (12, 26, 28) . The binding of purified or partially purified CCAAT transcription factor, TFIID, and Spl to their recognition sequences on the human hsp7O promoter has been reported previously (10, 11, 15) . A comparison of the methylation patterns of DNA isolated from heat-shocked and non-heat-shocked cells revealed no changes in the basal promoter elements (Fig. 2b and c) . We thus conclude that interactions of proteins with basal promoter elements are not altered during heat shock.
A comparison of DMS reactivity patterns in the HSE region of the promoter (-115 to -95), which contains five inverted repeats of the consensus NGAAN sequence, revealed no differences between naked DNA and DNA isolated from non-heat-shocked cells (Fig. 3, lanes 0' and N) . This result suggests that factors are not bound to the HSE region prior to heat shock in HeLa cells. During heat shock, protection of the consensus G in each of the five NGAAN sites was observed (G-114, G-107, G-104, G-97, and G-94) (Fig. 3) , protections at sites 3 and 4 being the strongest. The guanine residues adjacent to the conserved G's were also protected at sites 3 and 4 (G-105 and G-96). Striking hypersensitivities (G-95 and G-89) downstream of the HSE were observed on both strands. Upstream of the HSE, a slight (less than twofold) hypersensitivity at G-116 was also detected. A quantitative assessment of the changes in each affected G during the period of heat shock is shown in Fig. 4 . The temporal pattern of changes in reactivity is generally consistent among all of the affected G's, i.e., protections and hypersensitivities appear at 10 min and are maximal at 20 or 40 min, and start to weaken by 60 min, paralleling changes in both the transcription rate and levels of heat-induced HSE binding activity. The methylation pattern of DNA isolated from cells after 2 h of recovery at 37°C was similar to that of DNA from non-heat-shocked cells (Fig. 3a, lanes 0' and R) , suggesting that HSF is no longer bound to the HSE at this time.
Throughout the entire period of heat shock, the guanine reactivity pattern exhibits marked hypersensitivities. These enhanced methylations may signify a distortion in chromatin structure which is created by HSF binding. Bending of DNA upon HSF binding to the Drosophila hsp7O promoter has been previously reported (19, 20) . Alternatively, enhanced methylation has been postulated to result from locally increased DMS concentration in hydrophobic pockets created by protein-DNA interactions (2, 19) .
The interaction of HSF with the HSE affects a region encompassing at least 25 coding strand, the first genomic primer was a 19-mer, 5' AGCCGCACAGGTTCGCTCT 3', which was complementary to the +80 to +98 region of the coding strand. The second genomic primer was a 25-mer whose sequence. 5' AGCCTTGGGACAACGGGAGTCACTC 3', was complementary to the +51 to +75 region of the coding strand. The primer used for end labeling was a 27-mer which overlapped and extended 3' of the second primer and had the sequence 5' GCCTTGGGACAACGGGAGTCACTCTCG 3'. The first genomic primer used for footprinting of the noncoding strand was a 22-mer, 5' ACTCTGGAGAGTTCTGAGCAGG 3', which was complementary to the noncoding strand at nucleotides -193 to -172. The second genomic primer was a 25-mer, 5' GGCCTCTGATTGGTCCAAGGAAGGC 3', complementary to the noncoding strand at nucleotides -159 to -135. The primer used for end labeling was a 29-mer which was complementary to the noncoding strand at nucleotides -159 to -131, and thus had the same sequence as the second primer with four additional bases, TGGG, at the 3' end. The sequence of the common linker was as described previously (14) . Guanine residues showing altered DMS reactivity are indicated to the right of each gel, with arrows indicating G's protected from methylation and stars indicating guanines hypersensitive to methylation. For footprinting of the coding strand, a new set of primers, closer to the HSE region were used, thus allowing better resolution of the guanine residues in the HSE region. The first genomic primer was a 20-mer, 5' CCCTGGGCTT'TTATAAGTCG 3', and was complementary to the -13 to -32 region of the coding strand. The second genomic primer was a 25-mer, 5' ACGGAGACCCGCCT'1lCCCTTCTG 3' which was complementary to the -36 to -62 region of the coding strand. The third primer overlapped and extended 3' of the second primer and had the sequence 5' ACGGAGACCCGCCITT1CCCTTCTGAG 3'. The primers used to footprint the noncoding strand were the same as in Fig. 2. 4, and 5 was protected from DNase digestion when a human hsp7O promoter fragment was incubated with nuclear extract from heat-shocked HeLa cells (7) . To define the sequences of the human hsp7O promoter which confer heat shock responsiveness, our laboratory has transfected human cells with promoter fusion constructs. These studies have defined sequences between -107 and -91, which contain sites 3, 4, and 5, as the region of the human hsp7O promoter which confers heat shock responsiveness (27, 28) . One cannot conclude, however, that sites 1 and 2 are not required, because linkers used for construction of 5' deletion mutants inadvertently recreated two appropriately spaced NGAAN units upstream of site 3. Further transfection studies will therefore be required to determine whether sites 1 and 2 are necessary for or contribute to heat-inducible expression of the hsp7O gene. Analysis of linker scanner and additional 5' deletion mutants of the promoter revealed that sites 4 and 5 alone do not confer heat inducibility and that loss of site 5, when the remaining four sites are present, reduces but does not abolish responsiveness to heat (27) . These results are consistent with our in vivo genomic footprinting data which indicates the involvement of multiple NGAAN sites during heat shock induction of the human hsp7O gene.
Recent reports have indicated that in both D. melanogaster (18) and S. cerevisiae (22) , HSF exists in vitro as a trimer, and our laboratory has obtained evidence supporting oligomerization of human HSF during heat shock (18a). A model has been proposed wherein HSF binds to arrays of repeated NGAAN sites as a trimer, with each NGAAN unit binding a monomeric subunit (18) . Data on which this model is based indicate that two contiguous NGAAN units suffice to bind a trimer; the third subunit of the trimer apparently need not be associated with DNA if a binding site is not present. An array of five to six units is proposed to bind two trimers. It has also been recently suggested, on the basis of studies with HSF expressed from a cloned Drosophila gene, that HSF binds to DNA as a hexamer (30a). Our data indicating occupancy of all five binding sites in the human HSE in vivo would be consistent with HSF binding as a hexamer or two trimers (Fig. 5a ) or alternatively as a single trimer (Fig. Sb) . In the model that posits binding of a single trimer, binding would occur in a combination of several coexisting alternative configurations; such a model would accommodate our observation that sites 1 and 5 are more weakly protected than sites 2, 3, and 4 ( Fig. Sb) .
Our data suggests that prior to heat shock, the HSE region of the human hsp70 promoter is not occupied by protein. The situation in human cells thus resembles that of D. melanogaster rather than S. cerevisiae, the only two species for which in vivo analyses of HSF-HSE interactions have previously been carried out (9, 25, 30 Our data indicates that after recovery from heat shock, HSF is no longer bound to the HSE. The absence of bound factor could not necessarily be inferred by the absence of HSF in cell extracts during recovery (13, 32) and could only be established by in vivo analysis. A more detailed examination of the events occurring during recovery from heat shock is currently under way in our laboratory.
